Abstract. Electron transfer to gas-phase peptide ions with diazirine-containing amino acid residue photoleucine (L*) triggers diazirine ring reduction followed by cascades of residue-specific radical reactions. Upon electron transfer, substantial fractions of (GL*GGR +2H) +• cation-radicals undergo elimination of [NH O-labeled peptide ions and found to specifically involve the amide oxygen of the N-terminal residue. The structures, energies, and electronic states of the peptide radical species were elucidated by a combination of near-UV photodissociation experiments and electron structure calculations combining ab initio and density functional theory methods. Electron transfer reaching the ground electronic states of charge reduced (GL*GGR +2H) +• cation-radicals was found to reduce the diazirine ring. In contrast, backbone N−C α bond dissociations that represent a 60%-75% majority of all dissociations because of electron transfer are predicted to occur from excited electronic states.
Introduction
T he diazirine ring offers a chromophore for the photolytic production of highly reactive carbene intermediates while demonstrating chemical stability compared with other common carbene precursors [1] . Aliphatic diazirines weakly absorb light at 350-370 nm and undergo competitive N 2 elimination and rearrangement to diazoalkanes (Scheme 1) [2] [3] [4] . Diazirinecontaining tags, such as 3-trifluoromethyl-3-phenyldiazirine [5] have been used for carbene generation and, when synthetically incorporated into complex molecules, can be used to probe protein-ligand interactions by creating cross linkages [6] [7] [8] [9] . An alternative approach to fully synthesizing each probe utilizes diazirine-tagged amino acids, such as L-2-amino-4,4-azi-pentanoic acid (photoleucine, L*) or L-2-amino-5,5-azihexanoic acid (photomethionine, M*) [10] . These residues can still be specifically incorporated into peptides by chemical synthesis, or used in protein expression to replace the natural Leu or Met residues [10] .
Extending the solution studies into the gas phase, we have investigated the structures of peptide cations that were tagged with L*. In particular, (GL*GGK +2H) + , (GL*GGK-NH 2 + H) + , and their doubly charged analogues were found to adopt conformations in the gas phase that were quite similar to those of the corresponding peptide ions that contained the regular Leu residue [11] . These results were consistent with the fact that L* is recognized as Leu surrogate in protein expression [10] . In addition, the similarity of L* and Leu residues in affecting gas-phase peptide ion 3D structures was promising for the use of L* in conformational studies of gas-phase peptide ions through intramolecular covalent bond formation, which is analogous to reactions used in protein footprinting.
Whereas the photochemistry and photophysics of diazirines have been studied in detail, there is a dearth of data on the chemistry of diazirines following electron transfer. Mailer and coworkers reported an electron spin resonance study of 3-phenyl-3-n-butyldiazirine and 3-trifluoromethyl-3-phenyldiazirine where they detected transient anion-radicals upon electrochemical reduction in solution [12] . The susceptibility and fragility of diazirines to such reduction processes provides a reasonable explanation for why there are so few prior accounts of diazirines being studied by mass spectrometry where, until recently, electron impact was the favored ionization method. In our previous study of L*-containing peptide dications [13] , we observed unusual dissociations upon electron transfer in the gas phase that resulted in elimination of a molecule of hydrazine that was accompanied by eliminations of N 2 H, N 2 H 3 , N 2 H 5 , and [NH 4 O] radicals. The branching ratios for these reactions depended on the peptide amino acid composition and sequence. The dissociations were interpreted as being triggered by electron attachment to the L*-diazirine ring, forming a transient anion-radical (Scheme 1) that underwent ring-cleavage dissociations accompanied by hydrogen transfers [13] . The intrinsic electron affinity of the diazirine moiety in GL*GGK-related neutral peptides was calculated as EA (adiabatic)=1.34-1.53 eV, which was further augmented to 2.6 eV by Coulomb effects of the singly charged lysine residue [13] . The most peculiar feature of these electroninduced diazirine dissociations was the elimination of [NH 4 O] radicals that do not represent stable species and must be composed of two molecules. Thermochemical arguments as well as deuterium labeling indicated that the elimination of [NH 4 O] most likely consists of a combined loss of an NH 2 radical and water [13] . We now report a study of electron transfer dissociation of another diazirine-tagged peptide ion, (GL*GGR +2H) 2+ , with the aim of elucidating the radical chemistry of the diazirine ring in a peptide environment.
Experimental data from specific deuterium, 15 N, and
18
O labeling, product analysis by tandem mass spectrometry, ion mobility, and UV photodissociation [14] are brought to bear on elucidating the reaction mechanisms. The experimental methods are complemented by exhaustive conformational analysis of the peptide ions and electron structure theory calculations of structures, energies, and excited electronic states for intermediates and transition states.
Experimental

Materials
Photoleucine was purchased from Pierce Biotechnology (Rockford, IL, USA). All peptides were synthesized on Wang resin (Bachem Americas, Torrance, CA, USA) using the Fmoc technology according to literature procedures [15] . Fmoc Nprotected photoleucine and photomethionine were prepared according to the literature [16] . 15 
Methods
Electron transfer dissociation (ETD) mass spectra were measured on a modified LTQ-XL ETD linear ion trap (LIT) mass spectrometer (ThermoElectron Fisher, San Jose, CA, USA) which was equipped with an auxiliary chemical ionization (CI) source for the production of fluoranthene anion-radicals. Peptide solutions (5-10 μM) in 50/50/1 methanol/water/acetic acid were electrosprayed at 2.2-2.3 kV from a pulled fused silica capillary into an open microspray ion source described previously [13] . Doubly charged ions were selected according to their m/z, stored in the LIT, and then allowed to react with fluoranthene anions injected into the LIT. The ion-ion reaction times were typically varied between 100 and 300 ms. MS n experiments were carried out by isolating the fragment ions and exposing them to resonant collisional excitation or photoexcitation. Hydrogen/deuterium exchange of active protons was carried out as described in detail previously [11, 13] to achieve a high level (93%) of deuterium incorporation. High-resolution ETD mass spectra were obtained on an LTQ-Orbitrap Velos instrument at a 60,000 resolving power. Ion mobility measurements were carried out on a modified Synapt G2 (Waters, Manchester, UK) instrument that was furnished with an ETD source and a special drift cell [17, 18] . ETD on the Synapt G2 instrument was performed with azulene anion radical as electron donor. The drift cell He pressure was 1.5 Torr, the radiofrequency amplitude was 100 or 250 V, which gave identical collision cross-sections. The data were processed to obtain absolute collision cross-sections as described previously [19] . 
Photodissociation
To accomplish photodissociation of trapped ions in the LIT, the LTQ-XL ETD mass spectrometer was modified as shown in Figure 1 (top panel) where the standard parts are labeled a-d and the modified parts are labeled e-j. The CI source (e, Figure 1 ) was modified according to Ledvina et al. [20] by drilling a 0.039" (1.0 mm) diameter hole into the CI insert block to provide a line of sight path to the LIT. The backside vacuum gate to the CI source was replaced by an aluminum plate carrying a quartz window (f, ThorLabs, Newton, NJ, USA). The light beam was produced by an EKSPLA NL 301 HT (Altos Photonics, Bozeman, MT, USA) Nd-YAG laser (i) operating at 20 Hz frequency with a 3-6 ns pulse width. The laser is equipped with a third harmonics frequency generator producing a single 355 nm wavelength at 120 mJ/pulse peak power. The typical light intensity used in the photodissociation experiments was 15-20 mJ/pulse. The laser beam of a 6-mm diameter is aligned by mirrors (h) and focused by a telescopic lens (g) (all from ThorLabs) to pass the small aperture drilled in the CI source. The laser beam diameter in the LIT is estimated at 3-4 mm to ensure overlap with the trapped ions. Both the laser system and the LTQ-XL are set on an optical table (j) for optimum alignment. The laser was interfaced to the LTQ by LabView software (National Instruments, Austin, TX, USA) that receives a signal from a TTL pulse on 14th pin of the J1 circuit board on the LTQ console. The timing of this TTL pulse can be controlled by the LTQ, and in this particular experiment it is selected to send a TTL pulse at the beginning of the desired UVPD step. The laser is operated in an internal triggering mode such that the lamp does not need to warm up for each desired pulse. Appropriately selected laser pulses are then triggered by LabView in response to the TTL pulse. The typical experimental time sequence of events is shown in Figure 1 (bottom panel). It consists of preparing by MS n ETD/CID an ion with a chromophore absorbing at the laser wavelength and storing it in the LIT for a chosen time period. The mass-selected and stored ions are photodissociated with a chosen number of laser pulses. For example, 400-ms storage time can accommodate up to seven laser pulses spaced by 50 ms. This allows one to vary the number of pulses and determine the photodissociation kinetics. Longer storage times of 93 s, allowing 960 laser pulses are readily realized. The photodissociation products can be further selected by mass and analyzed by CID or ETD. 
Computations
The search of lowest free energy conformers of (GL*GGR +2H) 2+ followed a modified protocol [13] . First, a full conformational search was carried out using the ConformSearch engine [21, 22] for analogous (GLGGR +2H) 2+ ions containing standard amino acid residues for which there are molecular dynamics parameters. The procedure consists of molecular dynamics mapping of the conformational space in a replica-exchange format [23] using the NAMD program [24] and the CHARMM force field [25] . The molecular dynamics trajectories were run with a step size of 1 fs for 10 ns to generate and store 100,000 structures from each replica. Out of the 800,000 structures thus generated, 8000 were sampled at regular intervals and their geometries were fully optimized with PM6 [26] . The PM6 structures were sorted out into families according to their major hydrogen bonding patterns, and the lowest energy conformers from each family were ranked by energy. In the next step, single-point energies were calculated with B3LYP/6-31+G(d,p) [27, 28] for a subset of 125 lowest energy conformers from the PM6 list. These conformers were ranked according to the single-point B3LYP energies, duplicates were compacted, and a subset of 20 structures within a 30 kJ mol -1 energy range were fully optimized with B3LYP/6-31+G(d,p) and M06-2X/6-31+G(d,p) [29] . Twelve lowest energy structures were characterized as local energy minima by harmonic frequency calculations that provided 298 K enthalpies and entropies. The calculated entropies included corrections for vibrational modes that were identified as hindered rotors [30, 31] . Final energy ranking was carried out on the basis of single point B3LYP, MP2, and M06-2X energy calculations with the 6-311++G(2d,p) basis set. The B3LYP and MP2 single point energy calculations used the B3LYP optimized structures. The optimized (GLGGR +2H) 2+ structures are shown in Figure S1 , Supplementary Material, the calculated relative energies are in Table S1 , Supplementary Material. Next, we selected eight lowest energy (GLGGR +2H) 2+ conformers and used PCModel (Serena Software, San Mateo, CA, USA) to rebuild the Leu side chain into that of L* while retaining the peptide ion backbone folding pattern. In each of these new (GL*GGR +2H) 2+ structures, the diazirine ring was oriented to form a hydrogen bond to one of the neighboring (Gly 1 or L*) amide N-H bonds. Following full geometry optimization with B3LYP/6-31+G(d,p) and M06-2X/ 6-31+G(d,p) and frequency and single point energy calculations, we obtained a list of low 298 K free-energy structures for the (GL*GGR +2H) 2+ ion, which are discussed in the Results section. Excited state energies and oscillator strengths were calculated using time-dependent DFT theory [32] with the M06-2X, LC-BLYP [33] , and ωB97XD [34, 35] functionals and the 6-311++G(2d,p) basis set. All electron structure calculations were carried out with the Gaussian 09 suite of programs [36] .
Results
Cation-Radical Formation and Dissociations
Electron transfer to (GL*GGR +2H) 2+ ions resulted chiefly in two kinds of dissociations. One was standard backbone cleavages forming C-terminal sequence fragment ions of the z and y type, which are assigned in the spectra (Figure 2a ). The other type was side-chain dissociations affecting the L* residue that amounted to 25%-42% of all radical-triggered fragmentations, representing the range of relative intensities for these fragment ions in ETD spectra of (GL*GGR +2H) 2+ and its several 2 H, 15 N, and 18 O labeled isotopologues. Amongst the side-chain dissociations, ETD of (GL*GGR +2H) 2+ resulted in a major loss of [NH 4 O], as established by accurate mass measurements (Δm=34.0295 Da, theoretical Δm=34.0293 Da ). It is noteworthy that the ETD spectra showed no loss of N 2 , which is otherwise facile in collision-induced dissociation of diazirine-labeled peptide ions [11] .
The eliminations of the NH 4 O radicals pointed to specific dissociations of charge-reduced cation-radicals, (GL*GGR +2H)
. These cation-radicals are present as stable m/z 472 ions in the Figure 2a ETD mass spectrum and can be isolated and further investigated by CID or UVPD. However, for further investigations, we used a more convenient technique for the specific generation of such stable, long-lived peptide cation radicals [13] . This technique consists of first generating by electrospray ionization a noncovalent peptide-18-crown-6-ether complex [37] [38] [39] as a doubly charged gas-phase ion, which is then mass-selected (m/z 368, Figure 2b ), chargereduced, and stripped of the crown ether ligand by ETD or in combination with CID. Figure 2b illustrates the specific formation of abundant, long-lived (GL*GGR +2H) +• (m/z 472) ions upon ETD of the CE complex (m/z 368). This ion was selected by mass and investigated by collisional activation and photodissociation.
The CID-MS 3 spectrum of the long-lived (GL*GGR +2H) +• ions ( Figure 2c ) was substantially different from the pertinent ETD spectrum in Figure 2a . In particular, CID of (GL*GGR +2H) +• showed dominant m/z 438 (ion A, loss of [NH 4 O]) and m/z 442 (ion B, loss of N 2 H 2 ) fragment ions, whereas amongst the sequence fragment ions only the z 3 (m/z 273) and y 3 (m/z 289) were formed competitively ( Figure 2c ). Note that the z 3 ion is accompanied by a metastable x 3 ion at m/z 316 [40] [41] [42] , indicating that this radical-triggered backbone dissociation occurs in two steps [42] .
The ETD and CID mass spectra of the m/z 472 (GL*GGR +2H) +• cation-radicals are compared in Figure S2 (Supplementary Material). The spectra showed similar relative branching ratios for the loss of [NH 4 O] (A, m/z 438) and the combined loss of CH 2 NH 2 , which was a major component, and N 2 H 2 (B, m/z 442), which was a minor component. These neutral fragments were unambiguously identified by accurate mass measurements (30.0341 and 30.0220 Da for CH 2 NH 2 and N 2 H 2 , respectively). Loss of • CH 2 NH 2 was prominent upon ETD, whereas loss of N 2 H 2 occurred on CID. Differences were observed for the loss of ammonia (m/z 455), which was abundant in direct ETD of (GL*GGR +2H) 2+ , but was replaced by an m/z 456 ion due to loss of NH 2 radical in the CID spectrum of (GL*GGR +2H) +• when prepared from the crown-ether complex.
Stable Isotope Labeling
To elucidate the origin of the [NH 4 O] and N 2 H 2 neutral species and the A and B ion structures we investigated the ETD and ETD-CID-MS 3 spectra of (GL*GGR +2H) +• cation-radicals generated from isotopically labeled (GL*GGR +2H) 2+ ions and their crown-ether complexes. The specific labeling concerned positions both proximate and remote from the L* residue [e.g., (α,α- (Figures S3-S7 ). To summarize the results, the loss of [NH 4 O] was found to specifically involve the Nterminal Gly amide oxygen but not the nitrogen of the Nt e r m i n a l a m i n o g r o u p . B o t h e x c h a n g e a b l e a n d nonexchangeable hydrogen atoms were incorporated in the [NH 4 O] neutrals. However, the nonexchangeable H atoms did not originate from the Gly 1 , Gly 3 , and Gly 4 α-positions. The loss of N 2 H 2 was found to involve both exchangeable and 
Multistage CID and Photodissociation of A Ions
To further characterize the loss of [NH 4 O], we obtained MS 4 mass spectra of the A ions using CID. The CID-MS 4 spectrum of A (m/z 438, Figure 3a) showed dominant secondary fragment ions formed by consecutive losses of ammonia (m/z 421, 404), water (m/z 420), and several backbone fragments. Interestingly, most backbone fragment ions contained the N-terminus [e.g., m/z 307, m/z 281 (c 4 ), and m/z 264 (b 4 )]. These were unequivocally identified by the appropriate mass shifts in the spectra of ions generated from the 15 N and deuterium labeled  isotopomers,  15 N-A and   2 H 2 -A, respectively (Figure 3b , c). The spectra indicated that the complementary y 1 (m/z 175) fragment competed for the proton with the b 4 ion. The fact that the b 4 and c 4 fragments, which did not contain basic amino acid residues, were able to compete for the proton with the Arg residue indicated that the N-terminal moiety contained a highly basic functional group newly created by the loss of [NH 4 O]. Conversely, the presence of the y 1 ion indicated that the Arg residue was not modified by the radical elimination. The CID-MS 4 spectrum also displayed c 4 and minor (z 1 -H) (m/z 158) fragment ions. These indicated that the backbone dissociation leading to these fragment ions can be viewed as a charge- Note that the enhanced dissociation by loss of a H-atom upon UVPD was completely absent in the CID-MS 3 spectra of these ions ( Figures S2-S6, Supplementary Material) . For comparison, we obtained CID-MS 4 mass spectra with collisional excitation set at a low normalized collision energy (NCE=11) and long exposure (500 ms); these spectra were very similar to the more usual CID spectra obtained at higher NCE and 30 ms excitation time and showed no loss of H atoms. There was no dissociation when the (GL*GGR +2H) +• ions were stored for 500 ms in the LIT at NCE=0 and in the absence of photoexcitation.
In contrast to the (GL*GGR +2H) +• cation-radicals, UVPD of the A ion (m/z 438) induced no dissociation. We concluded that this even-electron ion did not have a chromophore group absorbing at 355 nm. This provided additional evidence for the Figure 4 . UV photodissociation spectra of (a) mass-selected (GL*GGR +2H) +• and (b) ( 15 N-GL*GGR +2H) +• ions generated by ETD of doubly charged peptide-crown-ether complexes. Each spectrum was obtained with nine laser pulses destruction of the diazirine chromophore upon ETD, as diazirine-containing gas-phase peptide ions are readily photodissociated at 355 nm.
Multistage CID of B Ions
The B ions by loss of N 2 H 2 from (GL*GGR +2H) +• were further investigated by CID-MS 4 combined with isotope labeling. Note that the B ions are cation-radicals that are formed by electron-induced elimination of N 2 from the diazirine ring accompanied by transfer of two hydrogen atoms from the peptide exchangeable positions. Detailed description of the experimental results is given in Supplementary Figure S8a • , and HN = CHCONH 2 neutral radicals and molecules. The Gly 3 Gly 4 Arg segment remains largely intact and does not participate in these dissociations. With this in mind, the formation and presumable structures of the B ions are sketched in Scheme 2. The stable B 1 -B 3 ion structures all have the radical in the energetically favorable Gly 1 -C α , L*-C α , or side-chain allylic positions and, upon collisional activation, undergo radical-induced CO−N and N−C α bond dissociations accompanied by hydrogen atom migrations that scramble the Gly 1 α-hydrogen atoms. Scheme 2 also illustrates the loss upon ETD of the CH 2 NH 2 radical that originates from the high-energy amidyl N-radical, which is likely to rearrange to lower-energy structures in long-lived (GL*GGR +2H) +• cation-radicals. This explains why long-lived (GL*GGR +2H) +• do not eliminate CH 2 NH 2 upon collisional activation.
Precursor Ion Structures
The above-described experimental data indicate that a substantial fraction of (GL*GGR +2H) +• cation-radicals undergo dissociations involving the diazirine ring and the N-terminal Gly residue. To explain the electronic properties of the reactive cation-radicals that determine the pertinent reaction mechanisms, we undertook a thorough computational study of the precursor ion structures as well as electronic states and dissociation energetics of the cation-radical intermediates. Comprehensive conformational analysis of the gas-phase (GLGGR +2H) 2+ and (GL*GGR +2H) 2+ ions indicated that the lowenergy conformers share the same folding patterns ( Figure S1 ). A dominant folding motif is characterized by hydrogen bonding of the charged guanidinium group of the Arg side chain to the Gly 3 amide oxygen. This feature shows minor variations because of the different dihedral angles in the folding of the connecting Arg side chain that have only small effects on the relative free energies amongst the (GLGGR +2H) 2+ conformers GLGGRa-GLGGRd ( Figure S1 , Table S1 , Supplementary Material). The other dominant feature is the hydrogen bonding of the charged N-terminal ammonium group to the carboxyl and Gly 4 amide oxygens that also shows small variations in the orientation of the COOH group and participation of the Gly 4 amide oxygen.
These major structure features were preserved in the lowest-free energy conformers of (GL*GGR +2H) 2+ (1a 2+ -2d 2+ , Figure 5 ). An additional feature introduced by the diazirine ring was the weak hydrogen bonding of the diazirine nitrogens to the sterically accessible Gly 1 Scheme 2. Dissociations of (GL*GGR +2H) +• leading to loss of N 2 H 2 and L* amide N-H bonds that determines the orientation of the L* side chain. These L* side-chain conformers showed very similar free energies (Table 1 ) from which the combined molar fractions were calculated as 59% 1a 2+ -1d 2+ and 41% 2a 2+ -2d 2+ at 298 K. Hence, the calculated free energies predict a mixture of very similar conformers coexisting at equilibrium in the gas phase. This computational result was tested by comparing the calculated conformer collision cross-sections (Ω) with the experimental datum obtained by drift-cell ion mobility measurements in helium (Ω=140.7±0.5 Å 2 , Supplementary Material). The calculated collision cross-sections for several (GL*GGR +2H) 2+ conformers were within 1% of each other and somewhat dependent on the optimized geometry and the theoretical model (Table S2 , Supplementary Material). In general, B3LYP-optimized structures that were treated with the projection average aproximation (PA) method [45, 46] gave theoretical crosssections that were Ω=142±0.5 Å 2 . Cross sections based on M06-2X-optimized structures that were treated with the projection average aproximation and ion trajectory method (TM) [47] were Ω=136±1.2 Å 2 and 144±1.3 Å 2 , respectively, which bracketted the experimental value. The close agreement between the theoretical and experimental collisional cross 
GL*GGR Cation-Radical Structures and Dissociation Mechanisms
The electronic properties of (GL*GGR +2H) +• cation-radicals were first addressed by time-dependent DFT calculations in which an electron was attached to the dication at its fixed optimized geometry. This provided vertical recombination energies of the dications (4.9-5.3 eV), as well as the manifolds of electronic states describing the electron-ion interactions. The lowest (X-C) electronic states showed combinations of the diazirine π* orbital with the orbitals, which are typical of electron attachment to charged peptide groups, e.g., the Nterminal ammonium 3 s Rydberg (X state), amide and COOH π* orbitals (A and C states), and a guanidinium σ* orbital (B state) ( Figure S9 , Supplementary Material) [47] . These results indicated that the electron-ion interaction included a substantial participation by the diazirine π* orbital in the initial stages of electron attachment [13] .
Full gradient optimization of (GL*GGR +2H) +• cationradical structures resulted in major bonding changes that depended on the backbone folding and orientation of the diazirine side chain. In general terms, conformers 1a-1d rearranged upon electron attachment by spontaneous and highly exothermic transfer of a proton onto the incipient diazirine anion-radical, forming diaziridine radicals 3a-d. Which protons were involved in this rearrangement, (i.e., N-terminal NH 3 , Gly 1 amide N-H, or COOH), depended on the precursor dication conformation, as detailed by several energetically plausible reaction pathways, which are shown in the Supplementary Material (Scheme S1, S2). Regardless of the detailed isomerization pathways, the proton migration rearrangement was in all cases 9110 kJ mol -1 exothermic to contribute to vibrational excitation in intermediates 3a-d and drive their further dissociations. This and the following reactions are schematically sketched in Scheme 3. For fully optimized structures of intermediates and transition states, see Schemes S1-S4 in the Supplementary Material. The pertinent energies obtained at several levels of theory are shown in Table 2 and the combined B3LYP and PMP2 values are used for illustration in the text.
The main reaction of 3a was a ring opening in the diaziridine radicals forming diazene intermediate 4a that can exothermically refold to 4b (Scheme S3, Supplementary Material). Note that for the sake of simplicity these intermediates are sketched as a single structure 4a,b in Scheme 3. The pertinent TS (TS1) was 101 kJ mol -1 relative to 3a (Table 2) , and the ring opening was 76 kJ mol -1 exothermic when taking into account the conformational refolding to 4b in order to establish favorable hydrogen bonding to the diazene group. Diazenes 4a,b have a π-conjugated HN=N−C radical moiety that may be further stabilized by abstracting a labile hydrogen atom. TS2 describes a transition state for the migration of an L* Scheme 3. Dissociations of (GL*GGR +2H) +• leading to loss of [NH 4 O] β-hydrogen atom in 4a, exothermically forming radical 5 (Scheme 3). The energy of TS2 (110 kJ mol Table 2 ) is slightly higher than that for TS1. An alternative pathway is through TS3, which describes transfer of the L* C α hydrogen to form the L*-C α radicals 6a,b (Scheme S4, Supplementary Material). The energy of TS3 (70 kJ mol Table 2 ) is below that for TS1, and the L* α-hydrogen migration to form radical 5 is nearly thermoneutral.
The next step is a pseudo-pericyclic reaction whereby the NH 2 -N group in 5 attacks the Gly 1 amide carbonyl, forming conformers of cyclic intermediates 7a,b (Scheme 4). Extensive mapping of the potential energy surface for the 5→7a,b reaction revealed that it preferentially proceeds in two steps. The first step is a proton migration from the L* C α position onto the Gly 1 amide oxygen. The migration is facilitated by the diazaallyl radical group in the side chain to proceed through a low-energy TS4, which was 134 kJ mol -1 above 5 but only 43 kJ mol -1 relative to 3a (Table 2 ). In contrast, a pseudoconcerted reaction involving a single-step hydrogen transfer and ring closure was found to face a substantial energy barrier (TS6), as also shown in the B3LYP/6-31+G(d,p) map of the potential energy surface in Figure S10 (Supplementary Material) . Intrinsic reaction coordinate analysis [48] connects TS4 with another intermediate (5b). Its optimized structure (Scheme 4) shows a planar aminoketyl group and short C−O and C−N bonds that indicate that 5b is not a proper aminoketyl radical [49] , but rather an unusual zwitterion consisting of an O-protonated Gly 1 amide and an extended π-conjugated H 2 N-N
− anion-radical system. The subsequent six-membered ring closure, whereby the NH 2 -N group attacks the Gly 1 amide carbon, can be viewed as an anionradical-cation recombination reaction, proceeding through TS5 at 29 kJ mol -1 relative to 5b. Note that the TS5 energy is only 36 kJ mol -1 relative to 3a (Table 2 ) and the cyclization in 5b is 60 kJ mol -1 exothermic (Table 2) , allowing for a facile reaction. The cyclized radicals 7a,b are energetically plausible species (−53 to −83 kJ mol -1 relative to 3a) that can be readily linked to further dissociations resulting in the loss of [NH 4 O] as NH 2 and H 2 O. This presumably starts with a N-N bond cleavage through TS7 (14 kJ mol -1 relative to 3a), forming a complex with NH 2
• (8). The latter then undergoes slightly endothermic dissociation by loss of NH 2 radical forming ion 9. Elimination of water from 9 is exothermic and forms the aromatic pyrimidine ring in 10, which corresponds to fragment A in the ETD mass spectrum. TS1  97  104  101  114  123  TS2  119  102  110  125  125  TS3  70  71  70  88  92  TS4  26  59  43  66  60  TS5  19  54  36  68  41  TS6  ----123  TS7  8  21  14  48  50  11  170  154  162  181  162  12  112  92  102  119  108  13  115  117  116  121  113  14  133  115  124  140  105  15  204  166  185  203  182  16  146  118  132  140  129 a In units of kJ mol To further characterize structure 10, we measured the experimental collision cross-section of the A ion (133.7± 0.3 Å 2 , Table S2 ) and compared it with the value calculated by the ion trajectory method for the M06-2X optimized ion structure (133.8 Å 2 ). The excellent agreement corroborates our assignment of ion A as having the cyclic structure 10.
Conformers 2a
2+
-2d 2+ were calculated to comprise a substantial population of gas-phase (GL*GGR +2H) 2+ ions, and therefore cation-radicals formed upon their charge reduction were of interest. Electron attachment followed by gradient optimization of (GL*GGR +2H) +• resulted in several structures depending on the precursor dication conformation. Zwitterionic cation radical 11 ( Figure S11 , Supplementary Material) resulted as a local energy mininum upon electron attachement to the Gly 1 amide π* orbital. In another structure, ammonium proton migration onto the COOH group formed a C(OH) 2 radical group (12) . In yet another structure, L* amide proton migration onto the diazirine anion-radical formed the zwitterionic diazirine radical 13. A common feature of these cationradical structures was that they had substantially higher potential energies than 3 (Table 2 ). Presumably, these high-energy species isomerized to 3a or its conformers by exothermic proton or hydrogen atom transfer and further dissociated along the pathways shown in Schemes 2 and 3.
Relatively high potential energies were also calculated for proper aminoketyl radicals [49] with reduced Gly 1 , Gly 3 , and Gly 4 amide groups (14-16) that were the presumed reactive intermediates of N−C α bond cleavages leading to the formation of sequence z fragment ions ( Figure S12 , Supplementary Material). This feature will be discussed in more detail below.
Discussion
Analysis of the experimental ETD data indicated that there were two kinds of populations of charge-reduced cationradicals that differed in reactivity. The major population of charge-reduced (GL*GGR +2H) +• cation-radicals (up to 75%) undergo loss of ammonia and backbone dissociations forming the z 1 -z 4 fragment ions. These are typical dissociations of standard peptide ions that are triggered by electron attachment. The unusual feature of ETD of the diazirine-tagged peptides is the dissociations of a population of cation-radicals originating by electron attachment to the diazirine ring that amount up to 40% of the respective radical reactions of (GL*GGR +2H) +• . This fraction further increases up to 80% when the electron attachment occurs in peptide ion-crown ether complexes. The fact that (GL*GGR +2H) +• cationradicals generated this way are stable can be attributed to (1) the specifics of their structure, (2) the peptide-crown complex dissociation energy, and (3) the degree of freedom effect whereby a 38%-39% portion of excitation energy deposited by electron attachment into the complex is carried away by the crown ether molecule. Furthermore, the recombination energy (RE) of the peptide ion in the crown ether complex is likely to be lower than that of the peptide dication because of two factors [50] . One is the substantial stabilization of the peptide charged group, which binds the crown-ether molecule (e.g., 170-280 kJ mol -1 for alkylammonium and diammonium complexes [51] [52] [53] ). This lowers the potential energy of the complex in the precursor ion, E(dication), but does not affect much the potential energy of the charge-reduced complex, E(cation-radical), so the absolute value of RE=E(dication) -E(cationradical) decreases. The other factor is due to conformational changes in the peptide ion upon crown ether binding. The oxygens of the crown ether molecule provide electron donors to form hydrogen bonds to the protonated peptide group, which disrupts its hydrogen bonding to the peptide donor groups and results in partial unfolding of the peptide ion. This in turn results in a greater separation of the peptide charge-carrying groups in the complex, thus diminishing the Coulomb energy released upon charge reduction, which is an important component of recombination energy of multiply charged ions [54] .
The salient and puzzling feature of ETD of the diazirinetagged peptides is not that the diazirine-triggered dissociations occur, but that they occur to only 40%. This presents an apparent discrepancy between the potential energies of the isomeric charge-reduced species and their populations undergoing backbone and diazirine-triggered dissociations. According to the calculated relative energies of isomeric (GL*GGR +2H) +• cation-radicals on the ground doublet potential energy surface (Table 2) , the diaziridine-related radicals 3a-7a are substantially more thermodynamically stable than aminoketyl radicals (14) (15) (16) , which are the presumed reactive intermediates of backbone N−C α dissociations [55] . If all these species, 3a-7a and 14-16, were to equilibrate on the ground state potential energy surface, no aminoketyl radicals would be populated at all. The lowest-energy aminoketyl radical (14 at 124 kJ mol -1 relative to 3a) can hardly at all be formed from 3a in competition with the highly exothermic ring opening to 4b that requires a TS1 energy of 101 kJ mol . Furthermore, ion 14 is an intermediate for the z 4 fragment ion, which is very minor in the ETD mass spectrum. These considerations lead to the conclusion that the side-chain and backbone dissociations upon ETD of the diazirine-tagged peptide ions originate from distinct, non-interconverting, electronic states. The electronic states involving the diazirine ring are indicated in the orbital diagrams for vertically reduced (GL*GGR +2H) +• ( Figure S9 , Supplementary Material). The electronic states leading to backbone cleavages are represented by orbitals showing large amide π* components. Gradient optimization of the ground doublet states leads unambiguously to diazirine radicals. This indicates that the backbone dissociations start from excited electronic states. The nature and extent of diazirine-triggered side-chain dissociations depend on the peptide ion composition and sequence. For example, the major diazirine side-chain dissociations by loss of N 2 H 2 , N 2 H 4 , and [NH 4 O] show different relative intentisities in ETD of L* containing ion from GL*GGK, GL*GLK, GL*LGK [13] , and GL*GGR. This indicates that the peptide ion conformation exerts an effect on the competing radical reactions of the diaziridinyl radicals invoving interactions with the Gly 1 and L* residues.
The role of the diazirine ring as a backbone cleavage disruptor is not unique. Other functional groups that work as disruptors have been previously identified (e.g., aromatic amino acid residues furnished with NO 2 or CN substituents [56] [57] [58] , thioxoamide groups [59] , or fixed charge tags [60] ). Conversely, some side-chain dissociations upon electron capture have been identified on the basis of thermochemical arguments as originating from excited electronic states accessed by electron attachment [61] . Finally, we address the nature of the stable (GL*GGR +2H) +• cation-radicals that were probed by UVPD showing that they absorb at 355 nm. The observed photodissociation ( Figure 4 ) was chiefly proceeding by radical reactions, indicating that electron transfer produced new chromophores in the charge-reduced ions with absorption in the near UV region. This experimental finding can be related to the calculated resonant electronic transitions in the postulated intermediates 3d, 4a, 6b, and 7b ( Figure 6 ). The initially formed diaziridinyl radical 3d is expected to absorb only weakly at 355 nm due to both the red shift of its transition (380 nm) and low oscillator strength, f= 0.003, which is equivalent to ε max ≈100 mol -1 L cm -1 [62] . A stronger absorption at the 355 nm laser line is expected for structures 4a and 6b because of a combination of closer match of their resonant transition wavelengths and greater oscillator strengths. A particularly strong absorption is expected for the cyclic intermediates 7a,b which belong to the lowest-energy intermediates. The UVPD data and analysis of electronic transitions indicate that the diaziridinyl radicals 3a-d formed by electron attachment and proton migration have rearranged by ring opening and hydrogen atom transfers to reach stable C-centered radicals 5-7. Distinction of structures 5-7 would require wavelengthresolved UV spectroscopic data. Experiments to this end are in progress in this laboratory.
Conclusions
The experimental and theoretical data reported here allow us to arrive at the following conclusions. Electron transfer to diazirine-tagged peptide ions containing the photoleucine residue results in diazirine ring reduction and formation of radical intermediates in a large fraction of charge-reduced ions. The extent of diazirine reduction is further amplified in ETD of peptide ion complexes with 18-crown-6-ether that provide a convenient means of generating long-lived peptide cation-radicals. The course of diazirine radical reactions depends on the peptide sequence, type of charge-carrying amino acid residues (Lys or Arg), and the photoactive residue side chain. Through a combination of isotope labeling, MS n , near-UV photodissociation, ion mobility, and electron structure theory calculations, we were able to identify the dissociation products, suggest and characterize several reactive intermediates, and discuss the electronic states involved in electron transfer. The most salient experimental result is the discovery of new chromophores that are produced by electron transfer and absorb light in the near UV region. A comparison of electronic properties of charge-reduced peptide ions leads us to conclude that the traditional ETD cleavages of backbone N−C α bonds do not proceed from the ground electronic states of the peptides under study but, instead, involve noninterconverting excited electronic states.
